We have analysed abnormal virus RNAs produced from integrated woodchuck hepatitis virus (WHV) sequences in two woodchuck liver tumours. Analysis of cDNA clones revealed that these transcripts consisted of rearranged, virus-specific RNAs encoding the WHV surface antigens. In one tumour, transcription was driven by the major preS2/S promoter and terminated at a cryptic poly(A) signal in the 5' end of the P gene, giving rise to a truncated version of the normal viral S message. In contrast, the integrated preS2/S promoter remained silent in the second tumour. The start sites of two abundant WHV transcripts encoding the large and middle surface proteins were localized about 100 bp upstream and 300 bp downstream of the preS1 translation initiation codon, corresponding to minor start sites of the normal surface protein mRNAs in chronically infected liver. Thus, the preS1 promoter, a weak promoter in episomal replicative forms of the virus, was activated in the integrated state in this tumour. Our results indicate that alternative usage of the preS 1 or the preS2/S promoter in the integrated state may yield differential production of the three virus surface proteins in woodchuck liver tumours.
Hepadnaviruses are a group of small enveloped DNA viruses that includes three mammalian members: the human hepatitis B virus (HBV), the woodchuck hepatitis virus (WHV) and the ground squirrel hepatitis virus (for review see Tiollais et al., 1985) . These viruses primarily infect hepatocytes and cause acute and chronic liver diseases which can eventually lead to the development of hepatocellular carcinoma (HCC). In productive hepadnavirus infections, the expression of the different virus genes is tightly regulated at the transcriptional level by a set of promoters acting in concert with virus enhancer elements. The expression patterns of the mammalian hepadnaviruses are strikingly similar (Cattaneo et al., 1983 (Cattaneo et al., , 1984 Enders et al., 1985; Mtr6y et al., 1985) . Transcription from two major promoters, located upstream of the core (C) and surface (S) genes, gives rise to abundant transcripts of 3"5 and 2.1 kb, which are collinear with the virus genome and terminate at a common poly(A) site in the C gene. The 3"5kb pregenomic RNA encodes the C antigen and the virus * Author for correspondence. Fax +33 1 4568 8943. e-mail mbuendia@pasteur.fr t Present address : Department of Microbiology and Immunology, University of California, San Francisco, California, USA. polymerase (P) and serves as an intermediate in virus replication. The 2.1 kb RNA encodes the middle and small S proteins (Fig. 1 a) . In addition, a minor HBV 2.4 kb transcript specifies the large S protein (Cattaneo et al., 1984) . It has been shown that a strict balance in the relative amounts of the three S proteins is required for virus assembly in chronic infections and that overexpression of the large S protein blocks efficient secretion of virus particles (Chisari et al., 1986 (Chisari et al., , 1989 .
Persistent WHV infections are almost invariably associated with the development of HCC (Popper et al., 1987) . Integration of WHV sequences into the host genome has been observed in a large majority of woodchuck tumours, resulting in frequent insertional activation of myc family genes (Fourel et al., 1990 (Fourel et al., , 1994 Hsu et al., 1988) . The structure of integrated WHV sequences, made of linear or rearranged subgenomic fragments, is highly similar to that of integrated HBV DNA in human HCCs. In a fraction of woodchuck and human tumours, transcription has been detected from the integrated virus promoters, yielding virus-specific or hybrid virus-cell RNAs of abnormal sizes (Freytag yon Loringhoven et al., 1985; Imazeki et al., 1987; Ou & Rutter, 1985; Terris et al., 1992; Wei et al., 1995; Yaginuma et al., 1985) .
During previous analysis of two independent wood-0001-3650 © 1996 SGM chuck liver tumours, W64T and W93T, we described aberrant transcripts produced from integrated WHV sequences (Hsu et al., 1988; M6r6y et al., 1985) ( Fig. 1 b) .
In the present study, we have analysed the structure and the transcriptional regulation of these viral RNAs in greater detail through cDNA cloning, RNase mapping and primer extension analyses.
In the woodchuck tumour W93T, insertion of a 7 kb, extensively rearranged WHV sequence upstream of the c-myc gene was associated with the production of a tumour-specific virus RNA of 1.8 kb (Hsu et al., 1988) . Studies of this RNA were hampered by remnants of virus replication in the tumour sample. We took advantage of the availability of transgenic mice carrying the entire WHV and c-myc sequences from the mutated W93T allele, which produce the 1.8 kb virus RNA in the liver (Etiemble et al., 1994) , as shown in Fig. l(b) . This transcript was first analysed by Northern blot hybridization of transgenic mouse livers with cloned WHV subgenomic fragments. Forty lag of total RNA, extracted by the hot phenol procedure, was denatured with glyoxal, electrophoresed through an agarose gel and then transferred onto Hybond-N+ (Amersham), as described (Wei et al., 1992) . The 1'8 kb RNA was detected only by WHV-specific probes covering the preS2, S and enhancer I regions, and by anti-sense WHV RNA probes (data not shown). This pattern allowed positioning of the RNA in relation to the previously established map of the WHV insert, which contains only one copy of the enhancer, as illustrated in Fig. 2(a) .
We then searched for RNA 5' ends by RNase protection, using two antisense riboprobes generated from the 711 bp B g l l I -B a m H I fragment (positions 2535 to 3246 on the WHV genome, numbering according to Galibert et al., 1982) , spanning the preS1 region and upstream sequences, and from the 382 bp EcoRI-XbaI fragment (positions 1 to 382) spanning the preS2 domain and the 5' part of the S region. These fragments were isolated from cloned WHV sequences fi'om tumour W93T, in order to avoid possible artifacts linked to nucleotide mismatches between different WHV isolates. After subcloning into pBS + and linearization of the resulting plasmids with HindIII, labelled riboprobes were generated by T7 RNA polymerase. RNase protection experiments were performed as described previously with 20 lag of total RNA isolated from transgenic mouse liver. As shown in Fig.  2(b) , two protected bands of 240 and 255 nucleotides localized the major RNA start sites at positions 125 and 140 (_+10) on the WHV genome, 10 and 25bp downstream of the preS2 translation initiation codon. These sites coincide with the 5' ends of the abundant 2.1 kb S mRNA driven by the strong preS2/S promoter in chronically infected liver (M6r6y et al., 1985) . In a second set of experiments, we mapped the 3' ends of the 1.8 kb RNA using an antisense riboprobe generated from the tumour-specific 375 bp NcoI-PstI fragment spanning the X-P junction in the virus insert of W93T. RNase protection of the antisense riboprobe with total liver RNA from a transgenic mouse yielded a 168 nucleotide fragment (Fig. 2 c) . Sequence analysis demonstrated that the NcoI PstI fragment contained a virus junction linking X gene sequences at position 1567 to P gene sequences at position 2756, in the same transcriptional orientation, as illustrated in Fig. 2(a, d) . A 16 bp sequence from the preS2 region was inserted at the break point. These data allowed us to locate the RNA 3' end at position 2844 on the WHV map, 89 bp downstream of the junction (Fig. 2d) . Examination of the surrounding sequences indicated that a non-canonical poly(A) signal (CATAAA) was located 20 bp upstream of the transcription termination site. This site is not apparently used during transcription of wild-type episomal WHV DNA (data not shown). Therefore, activation of the major preS2/S promoter in the virus insert from W93T resulted in the production of an unspliced, 1540 nt mRNA in which the S gene sequences remained intact but the downstream X and C sequences were deleted. Transcription from the strong preS2/S promoter in integrated hepadnavirus sequences has been previously observed in a number of woodchuck and human liver tumours (Terris et al., 1992; Wei et al., 1995) . It is worth noting that, despite multiple copies of the preS region (Fig. 3a) , only the preS2/S promoter located immediately upstream of the WHV enhancer I was apparently active, reflecting either a mechanism of promoter occlusion or a stabilization of the virus RNA containing enhancer sequences.
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In tumour W64T, insertion of virus sequences at two different sites in the cell genome was associated with the production of abundant transcripts of 4.6 and 2.3 kb, in the absence of virus replication (M6r6y et al., 1985) (Fig.  lb) . To analyse these abnormal transcripts, a cDNA library was constructed in M 13rap8 from W64T poly(A) + RNA and 80 clones were isolated after hybridization with WHV DNA . Several overlapping clones were selected and their nucleotide sequences were determined by the dideoxynucleotide chain-termination method (Sanger et al., 1977) as previously described (Wei et al., 1992) . In a parallel study, integrated virus DNA was isolated from a W64T genomic library constructed in 2L47.1 (M6r6y, 1987) . Comparison of integrated virus DNA and cDNA sequences (data not shown) indicated that the 4.6 and 2-3 kb RNAs originated from the same insert, illustrated in Fig. 3(a) . This insert was made of two juxtaposed subgenomic fragments in the same transcriptional orientation; from 5' to 3', the first fragment contained sequences of the C, preS/S and X domains and the second fragment covered P, preS/S, X and C sequences. The junction juxtaposed the 5' part of the X gene at position 1513 to the P region upstream of the preS1 domain at position 2745 (Fig. 3a) . We have previously shown that the 2.3 kb RNA was initiated at position 3290 in the preS1 region , a minor start site of WHV S mRNAs in infected liver (M6r6y et al., 1985) . Termination occurred in the same fragment at the normal WHV poly(A) site. The structure of the 4.6 kb RNA was deduced from overlapping cDNA clones; it started upstream of the preS1 translation initiation codon in the 5' fragment, covered the junction and terminated at the virus poly(A) site in the C gene of the 3' fragment ( Fig. 3 a) . These transcripts are predicted to direct the synthesis of the large and middle S proteins of the virus. We then mapped the 5' ends of the 4.6 kb RNA by primer extension analysis, using 5 lag of W64T poly(A) + RNA and the antisense oligonucleotide WHVpreS1 (5' GCCACCACGCTGCTAATT 3') located at positions 3046 to 3030 on the WHV map. A triplet of specific extended fragments was detected (lane 64T; Fig. 3b ) identifying a major initiation site at position 2889, 103 bp upstream of the first preSl AUG, and two minor flanking sites at positions 2888 and 2890. Extension products of identical sizes were detected in non-tumorous livers from chronically infected animals (lane NT; Fig.  3b ) indicating that the same transcriptional start sites initiate the preS1 mRNA production during virus replication. These results were confirmed by RNase protection experiments (data not shown).
Thus, in tumour W64T, integrated virus sequences showed active transcription from two different promoters, located upstream and within preS1 sequences, while the two copies of the strong preS2/S promoter remained silent. Whether this unusual transcription pattern is due to the influence of adjacent cellular sequences or to particular recombinations in the rearranged virus insert remains to be determined.
The data presented here identify for the first time the transcription start sites of the large S antigen mRNA of WHV. This RNA of predicted length 2.47 kb is made at barely detectable levels in chronically infected woodchuck livers and the WHV preS1 promoter has not been characterized. In contrast, important cis-acting elements have been defined in the HBV preS1 promoter, including a TATA box and binding sites for the transcription factors HNF-1 and Oct-1 (Chang & Ting, 1989; Courtois etal., 1988; Nakao etal., 1989; Raney et al., 1990; Zhou & Yen, 1991) . Noticeably, alignment of the WHV and HBV sequences immediately upstream of preS1, including the preS 1 promoter and the RNA initiation sites, revealed extensive nucleotide variability, and WHV carries no canonical TATA box in this region. It will be interesting to analyse in more detail the WHV preS1 promoter, which might have evolved distinct features. Whether the large S protein potentially produced from the large, abundant virus RNA is retained in the endoplasmic reticulum is also an important issue. As shown in a transgenic mouse model (Chisari et al., 1989) , accumulation of the large S protein in hepatocytes might contribute to the generation of primary liver tumours.
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